Background. Children with acute respiratory tract infection (ARTI) frequently exhibit virus-virus codetection, yet the clinical significance of ARTI remains contentious. Using data from a prospective cohort of children with influenza-like illness, we examined the virology of ARTI and determined the clinical impact of virus-virus codetection.
INTRODUCTION
Acute respiratory tract infections (ARTIs) in children place a significant burden on families and the community. Commonly recognized viral pathogens that cause ARTI include influenza viruses, respiratory syncytial viruses (RSVs), parainfluenza viruses, human rhinoviruses, adenoviruses, and coronaviruses [1, 2] . Advances in laboratory diagnostic techniques have resulted in the discovery of new viruses, including human metapneumovirus (hMPV) and polyomaviruses [3, 4] , yet a number of these pathogens have an uncertain pathogenicity [5, 6] .
Codetection can be defined as the detection of 2 or more pathogens in a single sample. With the improved sensitivity, availability, and affordability of modern diagnostics, virus-virus codetections are increasingly being found. The incidence of virus-virus codetection has been reported to be between 15% and 45%, depending on age, location, and testing methods [7] [8] [9] . The clinical significance of codetection in patients with ARTI remains contentious; the literature has described negligible to deleterious effects [9, 10] .
With this study, we describe the virology of ARTI in children aged 6 months to 4 years who presented to a tertiary pediatric hospital in Australia with influenza-like illness during influenza season. This study also enabled us to specifically examine the impact of virus-virus codetection on clinical symptoms and outcomes.
MATERIALS AND METHODS

Study Setting and Patients
Western Australia (WA) spans 2.5 million km 2 and has a population of approximately 2.5 million people, 7% of whom are younger than 5 years [11] . Princess Margaret Hospital for Children (PMH) is the only tertiary pediatric hospital in the state and is located in metropolitan Perth, where approximately 80% of the population resides [12] .
Commencing in 2008, the Western Australia Influenza Vaccine Effectiveness (WAIVE) study was an observational cohort study established to determine the effectiveness of inactivated influenza vaccine. Patient recruitment was conducted at PMH (and at selected general practices in metropolitan WA in [2008] [2009] ). Because of the small numbers recruited and differences in presentations, data from children who presented to the general practices were removed from our analyses.
Patient recruitment coincided with the annual influenza seasons. The start and end of the influenza seasons were defined by the Infectious Diseases Surveillance Unit at PathWest Laboratory Medicine WA by using a combination of indicators, including the weekly proportion of positive laboratory influenza test results. As a guide, 2 consecutive weeks with more than 10% positive influenza test results often coincides with the beginning of influenza season in WA. Additional details on study design are described elsewhere [13] .
All children 6 to 59 months of age who presented to PMH with a history of fever (according to parental report) or with a measured temperature of greater than 37.5°C at presentation and with at least 1 acute respiratory symptom within the previous 96 hours were eligible for enrollment. All children transited through the PMH emergency department. A proportion of these children were subsequently admitted to the hospital, and the remainder of them were discharged home from the emergency department. Children with a known immunodeficiency disorder, with current or recent immunosuppressive treatment, or who received immunoglobulin in the previous 3 months were excluded from the study.
Patient demographics, medical history, and presenting symptoms were collected through a parental questionnaire. Comorbidities recorded included prematurity, asthma, and chronic cardiac, neurological, and respiratory conditions. Influenza vaccination status was determined by parental report and confirmed through the Australian Childhood Immunisation Register or by contacting immunization providers. Vaccination status for other vaccines was not collected. A follow-up questionnaire regarding illness outcomes, including details of hospital admission(s), use of antibiotics, and time to recovery, was given to families to complete within 7 to 10 days after enrollment. A retrospective review of medical records was undertaken when hospitalization data were recorded incorrectly or missing. No follow-up was conducted for antibiotic use if data were missing.
Respiratory Virus Detection
Samples were collected from the children at enrollment with midturbinate nasal swabs (Copan Diagnostics, Inc., Murrieta, California). If a nasopharyngeal aspirate had already been collected by hospital staff as part of clinical care, that sample was used in lieu of a nasal swab. Viral culture (Madin-Darby canine kidney cells, diploid lung fibroblasts) and multiplex tandem polymerase chain reaction (PCR) were used to detect all viruses except picornaviruses and hMPV [14, 15] . Picornaviruses were detected by using nested PCR [16] targeting the 5′ untranslated region of the picornavirus genome, and sequencing was used to assist with the identification of rhinoviruses and enteroviruses. hMPV was tested by using an immunofluorescent assay (SimulFluor hMPV immunofluorescent assay [Millipore, Temecula, California]) and PCR. All patients were subjected to the same panel of tests, and testing methods were consistent throughout the study period with the exception of testing for hMPV, which was based on clinical need. Although both immunofluorescence and PCR assays were used throughout the study period, PCR testing was more common in later years.
For all viruses (except hMPV), positive viral detection was defined as detection by viral culture and/or PCR. Positive detection of hMPV was defined as detection by immunofluorescence and/or PCR. All influenza types/subtypes (i.e., influenza A/ H1N1, A/H3N2, and B) were grouped for analysis. Similarly, subgroups of parainfluenza viruses (i.e., parainfluenza types 1-4) were grouped together for analysis. Infection was defined as the detection of 1 or more viruses (i.e., rhinovirus, influenza, RSV, parainfluenza, adenovirus, coronavirus, and/or hMPV). Codetection was defined as detection of 2 or more viruses in a single diagnostic sample.
Definitions and Statistical Analysis
Prematurity was defined as less than 37 weeks of gestation at birth. Out-of-home care was defined as attendance at a playgroup, mothers' group, day care center, kindergarten, or preschool. Hospital length of stay refers to the duration from admission to discharge. Symptoms investigated included cough, rhinorrhea, wheeze, dyspnea, rash, diarrhea, and vomiting, and the outcomes investigated were antibiotic prescription and hospital admission.
Data cleaning and analyses were performed in Microsoft Excel, EpiBasic [17] , and SPSS version 23 (SPSS, Inc., Chicago, Illinois). Categorical variables were compared by using Pearson's χ 2 tests. Logistic regression models were used to calculate odds ratios (ORs) with 95% confidence intervals (CIs) to compare those with single infection to those with virus-virus codetection. Dependent variables were symptoms (e.g., presence of cough or rhinorrhea) and outcome variables (e.g., hospitalization or use of antibiotics).
We calculated adjusted ORs (aORs) by including the following covariates in the logistic regression models: age, sex, Aboriginal status, prematurity, presence of comorbidities, outof-home care, and household smoking. Age was included as a categorical variable in the models (6-11 months, 12-23 months, 2 years, 3 years, and 4 years [reference group]). Covariates were selected on the basis of known epidemiological or clinical risk factors for codetection. Data from all patients were included in the adjusted models unless they had data on 1 or more covariates missing. To investigate the impact of specific pathogen pairs, analyses were repeated for the most common pathogen pairs. Estimated marginal means of logistic regression models were used to calculate probabilities with 95% CIs for antibiotic prescribing and hospitalization for those infected with common pathogen pairs. Of the 2356 patients enrolled, the majority of them (n = 1848 [78.4%]) were enrolled when they presented to the PMH emergency department. Of these patients, 6 .3% (n = 117) were subsequently admitted to the hospital. The median age was 22.0 months (interquartile range, 14.0-35.0), 54.9% were male, and 5.7% were of Aboriginal or Torres Strait Islander decent. Children born preterm accounted for 13.5% (n = 319) of the patients. Children with comorbidities accounted for 15.1% (n = 355) of this cohort. Of those who had 1 or more comorbidity, asthma (n = 218 [61.4%]) and other chronic respiratory conditions (n = 54 [15.2%]) were the most common.
Of 2356 patients, questions relating to outcomes (e.g., antibiotics use) were completed for 52.8% (n = 1244). Although parents were requested to complete these questions 7 to 10 days after enrollment, the mean time to completion was 19.3 days (range, 0-149 days; median, 10 days). Data on antibiotic prescription after enrollment were available for 51.0% (n = 1201) of the patients, 483 (40.2%) of whom were prescribed antibiotics. Combining data from the questionnaires and a review of the hospital records resulted in near-complete data on hospitalization (99.4% [n = 2341]); 610 (26.1%) were hospitalized. Of those who were admitted to the hospital, the median length of stay was 2 days (interquartile range, 1-3 days).
Overall A greater proportion of children with multiple viruses detected were younger than 2 years than those with a single-virus infection (65.4% vs 51.2%, respectively; p < .001; Table 1 ). Those with codetection also had greater odds of presenting with cough and rhinorrhea than those with a single-virus infection, although both symptoms were common in both groups ( Table 2 ). This effect remained after adjusting for other covariates. It should be noted that, although less common, diarrhea was observed more frequently in children with viral codetection. There were no significant differences between patients with a single-virus infection and those with virus-virus codetection in the odds of being prescribed antibiotics (aOR, 1.1; 95% CI, 0.8-1.5) or being hospitalized (aOR, 1.1; 95% CI, 0.8-1.4) ( Table 2) .
We then selected the 3 most common pathogens (rhinovirus, influenza, and RSV) and investigated associations of infection with specific pathogen pairs with antibiotic prescriptions and hospitalization. After adjusting for other covariates, patients with both influenza and RSV detected had a 52% probability (95% CI, 28%-76%) of being prescribed antibiotics, and there was a trend toward more frequent prescription than those with influenza or RSV infection alone (Figure 2) . Similarly, the probability of being hospitalized was highest in those with influenza and RSV detected (probability, 55%; 95% CI, 35%-73%) and was significantly greater when compared with those with influenza infection alone (probability, 22%; 95% CI, 16%-29%) ( Figure 3 ) and with a trend towards increased hospitalization observed compared with RSV infection alone (probability, 43%; 95% CI, 36%-51%).
DISCUSSION
This is one of the largest single-site prospective studies of children up to 4 years of age that specifically investigated the incidence of and clinical outcomes associated with virus-virus codetection. Our findings indicate that although differences in demographics, risk factors, and symptoms are identifiable, in general, Denominators include those with missing data. The missing data (for single-virus infections and virus-virus codetections) for the children were cough (n = 4 and 3), rhinorrhea (n = 4 and 3), wheezing (n = 4 and 4), dyspnea (n = 5 and 4), rash (n = 30 and 9), diarrhea (n = 30 and 10), vomiting (n = 32 and 9), antibiotics given (n = 587 and 199), and admission to hospital (n = 6 and 2). Infections with either enterovirus or bocavirus were ignored in counts of single-virus infection and virus-virus codetection. Abbreviations: CI, confidence interval; OR, odds ratio. virus-virus codetection is unlikely to be associated with more severe clinical illness among young children with influenza-like illness. Infection with specific pathogen pairs might be associated with an increased probability of hospitalization, as was observed with influenza and RSV. This finding has implications in pediatric healthcare facilities, where the isolation of all children with acute respiratory viral infection is difficult during periods of peak respiratory virus activity and cohorting of children is frequently required before the availability of diagnostic test results.
We detected small differences between the symptoms presented by patients with a single-virus infection and those presented by patients with virus-virus codetection. However, these symptoms were common and therefore likely to be of little clinical relevance. In contrast, the clinical outcomes chosen (i.e., antibiotic use and hospitalization) were more indicative of disease severity, but they are subject to clinical judgement and therefore can be less sensitive measures of disease severity. Accordingly, we observed no significant differences in the outcomes of children with single-virus infection and those with virus-virus codetection.
These results are consistent with data from previous systematic reviews, which found negligible differences between outcomes in children and adults with virus-virus codetection compared to peers with single-virus infection [18, 19] . However, the results of additional analyses of pathogen pairs suggest that some combinations of specific viral pathogens, such as influenza and RSV, are potentially more significant than others. This result corroborates data from our recently completed systematic review in which we specifically investigated clinical outcomes in children with codetection; we found no differences overall, but the results suggest that some pathogen-specific effects might be present [20] . Our data suggest that future research in this area should segregate analysis according to specific pathogen pairs when the numbers allow.
We chose to exclude bocavirus and enterovirus detections from the analyses because their pathogenicity in ARTI is still not well established. Bocavirus is often implicated in both symptomatic and asymptomatic codetection and is thought to have a prolonged period of shedding [6] ; both of these features might confound any associations between codetection and clinical severity. In contrast, the results of studies on the role of enteroviruses in ARTI are suggestive of pathogenicity [21] ; however, the numbers in those studies were small. For these reasons, detections of both viruses were excluded from the analyses presented here. Repeat analyses including these viruses did not change the overall findings (Supplementary Tables 1 and 2 ).
An important consideration when interpreting these findings is that active (and pathogenic) infection and viral shedding cannot be distinguished. Prolonged viral shedding for some respiratory viruses, particularly rhinovirus, has been well documented [22, 23] . Quantitative analysis might be of assistance in distinguishing these clinical states but has not yet become commonplace in the diagnostic laboratory for respiratory viruses.
One limitation of our study is that only children who presented to 1 hospital with influenza-like illness and fever were eligible for enrollment. As a consequence, it is possible that these children were at the more severe end of the disease spectrum, which might have biased our results. During the course of this study, there was a shift from using an antigen-based assay to using PCR for detecting hMPV, although both methods were used throughout the study period. We elected to include detections from both methods but acknowledge that differences in the performance of these methods would mean that potential cases of hMPV might have been missed in earlier samples. These changes, and clinical discretion in testing for hMPV, may explain the proportion of hMPV detections in this cohort, which was lower than that in other studies [24, 25] .
Additional limitations of this study include missing outcomes data, particularly for antibiotic prescription. In addition, data on diagnosis at discharge were not collected, which might have helped to indicate the severity of symptoms. Moreover, despite enrolling nearly 2500 children, the number of patients infected with specific pathogens and pathogen pairs was relatively small.
Future studies using routinely collected, linked administrative data might assist in addressing both issues. Nonetheless, ours was one of the largest single-site studies to specifically investigate the effects of virus-virus codetection in young children by using a wide panel of tests for respiratory pathogens. Our results are similar to those reported elsewhere, which adds to the validity of the findings [26] .
We conclude that the impact of virus-virus codetection on disease severity in children who present with influenza-like illness is likely to be limited to those infected with specific pathogen pairs. Therefore, routine screening for virus-virus codetection in this population should be restricted to those with common respiratory pathogens, and efforts to reduce cross infection should focus on these specific pathogens.
